Historically, most mammals have been classified as socially polygynous-a male associated with multiple females-whereas social monogamy was considered relatively rare and polyandry even more so (Clutton-Brock 1989; Kleiman 1977; Wittenberger and Tilson 1980) . However, the advent of molecular techniques revolutionized our view of the outcomes of breeding relationships between males and females, leading to the distinction between social and genetic mating systems (Hughes 1998) . Researchers quickly discovered that multiple paternity and thus multiple mating frequently occur in many species (Hughes 1998) . Animals sneak copulations out of sight not only of their social mates but also of scientific observers, and behavioral observations might not provide reliable evidence of parentage (Coltman et al. 1999a; Gagneux et al. 1999; Zeh and Zeh 2001) .
Multiple mating and multiple paternity have implications for many aspects of animal biology, including the evolution of social behavior. If .1 male sires offspring within a litter, litters contain mixtures of full siblings and half siblings, which can lead to differences in social behavior because littermates share different proportions of their genes (Hanken and Sherman 1981) . Primates and ground squirrels can differentiate among maternal kin, paternal kin, and nonkin, and can bias interactions accordingly (Holmes 1986; Holmes and Sherman 1983; Widdig 2007) . Mating patterns also can reveal the extent of inbreeding and other aspects of mate choice within populations (Cohas et al. 2008; Costello et al. 2008) .
One group of rodents, the ground-dwelling sciurids, has yielded a wealth of information on many aspects of reproductive behavior, including mating systems (Solomon and Keane 2007; Waterman 2007) . Earlier reports described these animals as polygynous (Armitage 1981; Michener 1983) . However, molecular methodologies revealed that in many species females mate with multiple males, and multiple males can sire offspring within a litter (Boellstorff et al. 1994; Cohas et al. 2006; Goossens et al. 1998; Hanken and Sherman 1981; Hare et al. 2004; Haynie et al. 2003; Hoogland 1998; Lacey and Wieczorek 2001; Murie 1995; Schwagmeyer 1984; Travis et al. 1996) . Thus, genetic promiscuity appears to be the most common mating system in this group (Waterman 2007) .
The largest sciurids, marmots (Marmota spp.), include 14 species distributed across the Northern Hemisphere (Armitage 2003). As a group marmots exhibit diverse and flexible social organization, which ranges from solitary living to extended families that consist of offspring from multiple years (Allainé 2000; Armitage 2007). Researchers have described mating systems in some species, but they based these classifications primarily on observations of group composition (Blumstein and Arnold 1998; Bryant 1996) . Most marmots are assumed to be polygynous, monogamous, or polyandrous, based on aspects of their social systems (Allainé 2000; Armitage 2007 ). Yet, only 3 species have been studied in detail using molecular approaches, and all 3 species show variable genetic mating systems. Yellow-bellied marmot (M. flaviventris) females are monogamous, whereas males are either monogamous or polygynous depending on the number of females within a male's territory (Armitage 2007; Schwartz and Armitage 1980) . Hoary marmots (M. caligata) switch between monogamy and polygyny not only across different populations (Barash 1989; Holmes 1984) but also within the same population over time and even within social groups (Kyle et al. 2007) . Multiple paternity has been reported in just 1 species, alpine marmots (M. marmota). Although socially monogamous, alpine marmot females mate multiply with both extrapair and subordinate males, which can lead to litters of mixed paternity (Arnold et al. 1994; Cohas et al. 2006; Goossens et al. 1998) .
Woodchucks (M. monax) represent the most solitary marmots (Armitage 2007). They live in aggregations, and their social organization also varies across populations (Ferron and Ouellet 1989; Maher 2006; Meier 1992; Swihart 1992) . Woodchucks mate soon after females emerge in late winter, and females give birth to just 1 litter per year, approximately 30 days after breeding (Hamilton 1934) . Juveniles emerge when they reach 4-5 weeks of age (Grizzell 1955; Hamilton 1934) . Woodchucks may delay dispersal beyond their 1st summer, and both males and females may remain philopatric within or adjacent to their natal range (Maher 2006 (Maher , 2009b . As a result, woodchucks may live near kin and behave differently toward conspecifics of different degrees of relatedness (Maher 2009a (Maher , 2009b . Mating systems could affect patterns of kinship and thus social behavior; however, we know little about the mating system of this species.
We used microsatellite DNA markers to examine paternity and the mating system of woodchucks in a high-density (1.7 animals/ha) population where males and females potentially have access to multiple mates. Because multiple paternity has been reported in a related species (Cohas et al. 2006) , and because potential mates are available nearby (Maher 2004) , we expected to find within-litter multiple paternity. We also expected males to sire offspring with more than 1 female. Thus, we expected woodchucks to exhibit a promiscuous mating system.
MATERIALS AND METHODS
We conducted the study at Gilsland Farm in Falmouth, Maine (43u429N, 70u149W) . This 24-ha wildlife sanctuary contains salt marshes, mixed deciduous-hardwood forest, and meadows (2.5-6.0 ha in size). Elevation ranges from 0 to 10 m, with gently rolling hills. The property is bordered by the Presumpscot River estuary, United States Route 1, and residential subdivisions (Maher 2004) .
One of us (CRM) has studied this population since 1998 and has trapped and marked approximately 95% of the animals in the total population, which consists of 30-35 adults and yearlings. Each year we captured woodchucks in Tomahawk live traps (25 3 30 3 81 cm; Tomahawk Live Trap Co., Tomahawk, Wisconsin) baited with peanut butter and fresh apples and checked hourly during daylight hours. Upon capture we transferred the animal to a cloth handling bag and obtained data on body mass (to the nearest 0.25 kg for yearlings and adults and to the nearest 0.05 kg for juveniles) using a spring scale (Pesola AG, Baar, Switzerland). We determined sex by examining anogenital distance or the presence of testes or distended nipples during breeding and lactation, respectively. Ages were known precisely for woodchucks 1st captured as juveniles or as yearlings in early spring; ages were estimated for animals 1st captured as adults, using 2 years as a minimum age at their 1st year of capture. To collect DNA samples the senior author wore latex or vinyl gloves and pulled 75-100 hairs from the animal's hindquarters. She placed the hairs in self-sealing envelopes and stored them in the laboratory at room temperature until processing. We used a small artist's brush and commercial hair dye (Clairol Balsam Color; Clairol, Inc., Stamford, Connecticut) to apply a unique mark to each animal's hindquarters, and then we attached numbered metal ear tags (size 3; National Band and Tag Co., Newport, Kentucky) to each ear. Finally, we released the animal at its point of capture.
For this study we analyzed paternity for juveniles born between 2002 and 2006. We began trapping juveniles as soon as they appeared above ground in mid-May to early June, depending on the year and the litter. We also trapped older animals throughout the active season, from early March to late September. All protocols followed guidelines approved by the American Society of Mammalogists (Gannon et al. 2007 ) and were approved by the University of Southern Maine Institutional Animal Care and Use Committee.
Genetic analysis.-We used the Chelex-100 method (Richlen and Barber 2005; Walsh et al. 1991) to extract genomic DNA from 10 hairs per individual. If we obtained multiple samples from the same animal, we used the most recent sample. We stored extractions at 220uC and used them within 3 months of processing. All extracts amplified successfully.
We used 7 microsatellite loci: BIBL-1, BIBL-4, BIBL-18, BIBL-25, MS41, MS47, and GS22 isolated from either alpine marmots (BIBL and MS-Da Silva et al. 2003; Goossens et al. 1998; Hanslik and Kruckenhauser 2000) , or Columbian ground squirrels (Spermophilus columbianus; GS22- Stevens et al. 1997) . For details on amplification protocols see Maher (2009b) .
Spatial patterns.
-We recorded the initial locations of known individuals by recording distance, to the nearest 1 m, to the closest burrow for which we had known Universal Transverse Mercator coordinates gathered with handheld global positioning system units (GeoXT; Trimble Navigation, Sunnyvale, California). We took locations .8 h apart to maintain statistical independence of locations (Swihart et al. 1988) , and we collected an average of 32 locations (range 5 4-100) per animal.
We calculated home-range areas using the fixed-kernel method to obtain 95% and 50% (core) utilization distributions with Animal Movement Extension (Hooge and Eichenlaub 1997) in ArcView 3.3 (ESRI, Redlands, California). To measure distance between pairs we used ArcGIS 9.1 (ESRI) to determine the geographic center of each animal's 95% utilization distribution and then calculated the distance between centers of home ranges. To measure the amount of home-range overlap we overlaid 95% and 50% home ranges for woodchucks present each year and then calculated the amount of overlap using ArcGIS 9.1. We then calculated a coefficient of overlap for each dyad (Cole 1949; Wronski and Apio 2006) . Additional details on spatial analysis are presented in Maher (2009b) .
Statistical analysis.-We tested loci for departures from Hardy-Weinberg equilibrium and tested for linkage disequilibrium using the Web version of GENEPOP (Raymond and Rousset 1995) . Summary information about the microsatellite loci has been presented elsewhere (Maher 2009a (Maher , 2009b . Briefly, because loci did not deviate consistently from HardyWeinberg equilibrium across years or exhibit linkage disequilibrium, we included all loci in the analysis. We estimated the probability of null alleles using CERVUS 3.0 (Kalinowski et al. 2007 ), and we estimated genetic relatedness (R) among pairs of woodchucks using RELATEDNESS 5.0 (Queller and Goodnight 1989) . Because we did not genotype all males at every locus, we calculated a standardized individual heterozygosity value for each male (H s ; proportion of heterozygous typed loci/mean heterozygosity of typed loci- Coltman et al. 1999b ).
We assigned maternity based on behavioral observations of juveniles associating with females soon after the young 1st emerged aboveground in late spring. Juveniles typically remained near their mothers and within the natal home range for the first 4-6 weeks (Meier 1992; Swihart 1992 ; C. R. Maher, pers. obs.). Woodchucks do not share nests; rather, females typically live solitarily, defending territories against other females (Ferron and Ouellet 1989; Maher 2004 ). If we 1st trapped juveniles later in summer and were not sure of maternity, we excluded them from the analysis. Because males died or new males were recruited into the population, the pool of candidate fathers differed across years; therefore, we analyzed each year separately. All adult and yearling males present on the study site were considered potential fathers, regardless of location.
We used CERVUS 3.0 (Kalinowski et al. 2007 ) to determine paternity with strict (95%) and relaxed (80%) levels of confidence. CERVUS includes corrections for scoring errors, mutations, and null alleles (Jones and Ardren 2003; Kalinowski et al. 2007 ). It assigns paternity using the difference (D) in log-likelihood ratios (LOD scores) between the most likely father and the 2nd most likely father, comparing those scores to randomly generated LOD scores. Positive log-likelihood ratio scores suggest that the candidate male is more likely to be the father than a randomly chosen male (Shurtliff et al. 2005) . Paternity assignment in CERVUS is considered conservative and robust because it calculates the expected distribution of DLOD scores based on simulations and then determines a critical value by which to calculate statistical significance (Jones and Ardren 2003; Kalinowski et al. 2007) . Furthermore, CERVUS is fairly insensitive to the presence of close relatives to known parents, and it can factor in relatedness (Kalinowski et al. 2007; Shurtliff et al. 2005) . Several authors have noted that the presence of close relatives can reduce the ability to assign parentage correctly (Double et al. 1997; Nielsen et al. 2001; Olsen et al. 2001 ). However, family structure can be less critical than incomplete sampling of fathers (Nielsen et al. 2001) . Simulation parameters were 100,000 cycles, 74-88% of loci typed depending on year, genotyping error rate of 1% (Maher 2009b) , 15-19 candidate fathers based on number of males present on or immediately adjacent to the study area each year, 88-99% of which were sampled at least once during the study period, and 13-18 relatives with relatedness of 0.25 to the parent. The large number of relatives was based on natal philopatry and known genetic relationships using long-term behavioral observations of maternal lineages in this population (Maher 2009b) .
Data were analyzed using nonparametric statistics in JMP 7.0 (SAS Institute Inc., Cary, North Carolina). We used MannWhitney tests (chi-square statistic generated by JMP) to compare ages, body masses, and mean heterozygosities of males, relatedness estimates, distances between females and assigned fathers, and amount of home-range overlap (Sokal and Rohlf 1981) . We used Wilcoxon signed-ranks tests (T) for univariate analyses. All tests were 2-tailed. Statistical significance was set at P , 0.05, and significance values were exact values.
RESULTS
Assignment of paternity.-We genotyped 105 juveniles from 30 litters at 4 loci, and we could assign maternity based on behavioral observations for 94 juveniles (90%). Paternity was assigned at .80% confidence for 52 (55.3%) of 94 offspring and at .95% confidence for 19 (20.2%) of 94 offspring.
Of 26 litters where 2 offspring were genotyped, 10 litters had 1 father assigned and 1 litter had 2 fathers assigned at the 95% confidence level; 19 litters had fathers assigned at the 80% level. Of those 19 litters, CERVUS assigned 1 father in 7 litters, 2 fathers in 10 litters, 3 fathers in 1 litter, and 4 fathers in a single litter (Fig. 1) .
In addition to examining DLOD scores, we also examined candidate fathers with the highest LOD scores for all litters with 2 offspring for which paternity was assigned. The majority (56.5%) of litters had 2 fathers assigned, whereas 13% of litters had 3 and 4 fathers assigned, and 17.4% had only 1 father assigned (Fig. 1) .
Characteristics of males.-Ages of males that produced or did not produce offspring did not differ in any year (all P . 0.072; Table 1 ). Similarly, males that produced offspring did not differ in mass during the spring breeding season compared to males that did not sire offspring, although sample sizes were small (all P . 0.14; Table 1 ). Males also did not differ in standardized individual heterozygosity (all P . 0.17; Table 1 ).
Relatedness.-Mean relatedness (R) values for offspring within litters varied widely, but for litters with 1 assigned father, mean (6 SE) R was estimated as 0.41 6 0.07 (range 5 0.2-0.82), which did not differ from the expected value of 0.5 if the population was in Hardy-Weinberg equilibrium (T 5 29.0, n 5 8 litters, P 5 0.25). Mean R for litters with 2 putative fathers was 0.30 6 0.07 (range 5 20.17-0.69, n 5 12 litters). These estimates for singly and multiply sired litters did not differ significantly from each other (x 2 1 5 0.72, P 5 0.40), but estimates of R for multiply sired litters did not differ from the expected value of 0.25 for half siblings (T 5 9.0, n 5 12 litters, P 5 0.51).
Mean R between mothers and assigned fathers was 20.019 6 0.054, which did not differ significantly from 0, suggesting that members of pairs were not related to each other (T 5 257.5, n 5 37 pairs, P 5 0.39). Estimated relatedness also did not differ from a random sample of male-female pairs drawn from adults in the population (0.023 6 0.053; x 2 1 5 0.78, P 5 0.38). In a few cases, however, females appeared to mate with kin. Relatedness calculations suggested that pairings included mother-son (n 5 2), father-daughter (n 5 1), and grandmother-grandson (n 5 1). Nonlittermate siblings-siblings born to the same mother in different years-mated in 2 cases, and aunts and nephews also bred (n 5 3).
Spatial relationships between pairs.-Distance between females and assigned fathers averaged 152.3 6 24.7 m (range 5 6.6-484.2 m; Fig. 2 ), which was significantly less than distances for randomly chosen pairs (238.8 6 19.3 m; x 2 1 5 8.43, P 5 0.0037).
Amount of home-range overlap also differed between mates and randomly chosen pairs. Mothers and fathers shared, on average, 31.8% 6 7.0% of their 95% home ranges (range 5 0-100%), whereas randomly chosen pairs shared 10.9% 6 4.0% of these ranges (x 2 1 5 4.49, P 5 0.034). Females and their mates shared 18.3% 6 6.4% of their core (50%) home ranges (range 5 0-100%), compared to 4.7% 6 3.3% among random pairs (x 2 1 5 5.52, P 5 0.019). However, males shared little home-range area with other putative fathers (95% home range 5 4.0% 6 1.5%; 50% home range 5 0.4% 6 0.4%; n 5 40 pairs).
Mating system.-Six females produced litters in multiple years for which we had sufficient data to examine patterns over time. Each female mated with different males in different years. Within a given year, up to 8 females mated with at least 2 males that sired offspring in their litters.
Male reproductive success varied widely (Fig. 3) . Of 54 candidate males sampled over 5 years, 31 males (57.4%) were not assigned paternity at .80% confidence levels. Mean number of offspring to which males were assigned paternity with .80% confidence was 1.0 6 0.24 (range 5 0-8; Fig. 3) . Furthermore, 17 males sired offspring in 1 litter each, 1 male produced 7 offspring in 5 litters in the same year, and 3 males sired offspring in litters in 2 different years. 
DISCUSSION
In this woodchuck population multiple paternity occurred in 63% of litters, and, on average, 1.8 males sired offspring within a litter. Over half of candidate males did not sire any offspring, whereas the most successful male produced 8 offspring. Males sired offspring with up to 5 females in 1 year. Thus, the genetic mating system can be described as promiscuous.
Relatedness estimates among littermates also suggested multiple paternity. In litters with 1 assigned father, mean R was 0.41. Although not statistically different from the expected mean of 0.5, this lower relatedness estimate could result from higher than expected numbers of close relatives in the population (Kays et al. 2000) . As expected, juveniles from litters with multiple paternity were less closely related; yet, the difference between singly and multiply sired litters was not statistically significant, perhaps due to small sample sizes and the large amount of variation in relatedness estimates.
Overall, mates were not closely related to each other. However, in a few cases, females apparently mated with relatives. Because males sometimes establish territories within or adjacent to their natal ranges (Maher 2009b) , they potentially could breed with related females living nearby. Our observations of courtship during the breeding season confirmed the likelihood of breeding among close relatives. Although we occasionally observed adult sons courting mothers, we never witnessed copulations. Thus, evidence concerning inbreeding avoidance is mixed, although we have observed little evidence of inbreeding depression (C. R. Maher, pers. obs.). Examination of genetic data from alpine marmots suggests that these animals avoid close inbreeding, with only 1 mother-son mating reported in 20 years (Cohas et al. 2008) , and yellow-bellied marmots experience lower survival in inbred compared to outbred young (Armitage 2004). Long-term effects of inbreeding remain unknown in woodchucks. Nonetheless, other marmots may not experience negative effects of inbreeding (Blumstein and Armitage 1999) , or perhaps they optimize the levels of inbreeding and outbreeding (Cohas et al. 2008 ).
Spatial patterns for males and females revealed that mates tended to live near each other, sharing portions of their home ranges. However, some males assigned as fathers occupied home ranges nearly 0.5 km from the center of the female's home range. Females that mated multiply bred with males both within and at greater distances from their home ranges, and similarly, males that sired offspring in multiple litters bred with females both nearby and further away. During the spring breeding season males often travel widely and thus could encounter females located at some distance from their usual territory (Ferron and Ouellet 1989) . In 1 case a transient yearling male mated with a female and then moved off the study site (C. R. Maher, pers. obs.) . Males of other species, including hoary marmots and yellow-bellied marmots, also venture outside their usual territories, perhaps seeking females (Barash 1981; Salsbury and Armitage 1994) . Transient males sired offspring in 25% of litters among alpine marmots (Cohas et al. 2006) .
CERVUS assigned paternity to 55% of offspring with .80% confidence, which falls within the range of values reported in other natural populations (Burton 2002; Coltman et al. 1999a; Haynie et al. 2003; Kyle et al. 2007) . Several factors could have influenced these results. As noted above, due to patterns of dispersal and philopatry, relatives lived near each other (Maher 2009b) , and candidate fathers included close relatives. Although CERVUS includes provisions for including different proportions of close relatives (Kalinowski et al. 2007) , assigning paternity with a high degree of certainty can be difficult when candidate males share common alleles (Dugdale et al. 2007 ). The number of microsatellite loci and amount of variation also can affect results (Blouin et al. 1996) . However, other researchers have detected multiple paternity using fewer markers than we used (Boellstorff et al. 1994; Goossens et al. 1998) . Finally, the presence of unsampled males can affect results (Kalinowski et al. 2007; Marshall et al. 1998) . In some years we were reasonably certain that we sampled nearly all fathers, based on observations of marked animals and trapping intensity. However, males that lived just off the study area might have ventured onto the property during the breeding season and mated without our knowledge. Furthermore, as noted above, transient males, particularly yearlings, might pass through the site looking to establish territories but sometimes go undetected by observers.
Woodchucks demonstrated a mating system similar to that of other ground-dwelling sciurids, particularly ground squirrels and prairie dogs in which both males and females mate with multiple partners (Boellstorff et al. 1994; Hanken and Sherman 1981; Hare et al. 2004; Haynie et al. 2003; Hoogland 1998; Lacey and Wieczorek 2001; Murie 1995; Schwagmeyer 1984; Travis et al. 1996; Waterman 2007) . Furthermore, like the highly social alpine marmot (Arnold et al. 1994; Cohas et al. 2006; Goossens et al. 1998) , the much less social woodchuck exhibits multiple paternity. Alpine marmots show 30-43% multiple paternity (Arnold et al. 1994; Goossens et al. 1998) , which is lower than what we found in this woodchuck population. However, alpine marmots live in socially monog- amous groups (Arnold 1990), whereas woodchucks do not form stable, long-term pair-bonds. Because of high dispersal costs, many alpine marmots remain within or near their natal territory, leading to high relatedness among mates (Cohas et al. 2008) . Dominant males may suppress reproduction in subordinates or guard females (Arnold and Dittami 1997); however, females still mate with extrapair males, choosing males that are less genetically similar than their social mates (Cohas et al. 2008) . Such males often are transients and thus presumably less closely related to the female (Cohas et al. 2008) .
In this relatively high-density population opportunities may arise for multiple mating by both sexes. Given the behavioral plasticity that other marmot species, including yellow-bellied, alpine, and hoary marmots, exhibit, woodchucks living at lower density elsewhere might use different mating strategies and thus exhibit different mating systems. Yellow-bellied marmots that occupy better habitat can be polygynous because males can include more females in their territories (Armitage 1986) . Hoary marmots living in small groups or where females are widely dispersed display monogamy, whereas animals living in larger groups or where females are more clumped exhibit polygyny (Holmes 1984; Kyle et al. 2007 ).
Behavioral ecologists have long recognized the benefits to males from mating with as many females as possible (Trivers 1972) . Woodchuck males maintain territories against other males (Ferron and Ouellet 1989; Maher 2004; Swihart 1992) , and territories of males are larger than those of females (Ferron and Ouellet 1989; Maher 2004; Swihart 1992) . Thus, males potentially gain access to several females during the breeding season. However, at least some females apparently mate with several males, so males may be unable to repel all intruders, as seen in other ground-dwelling sciurids (Boellstorff et al. 1994; Lacey et al. 1997; Schwagmeyer 1990 ). Some males also venture outside their territories to secure mates, as seen in hoary marmots (Barash 1981) . Males might secure higher fitness by seeking additional mates rather than by staying to guard females (Schwagmeyer 1988; Sherman 1989) .
Potential benefits of multiple mating for females, however, remain less certain but could include increased chances of fertilization, good genes that confer resistance to parasites and disease, and greater genetic compatibility (Solomon and Keane 2007) . Females' choices of males are not necessarily based on age, because some yearling males fathered offspring, and ages did not differ between males that sired or did not sire offspring. Alpine marmot females may mate with additional males to protect juveniles against infanticide (Goossens et al. 1998) ; however, infanticide has not been documented in woodchucks, and males do not take over groups in this species. In alpine marmots females might choose mates to enhance genetic benefits (Zeh and Zeh 2001) , particularly in terms of optimal outbreeding (Cohas et al. 2008) . However, in some cases, woodchuck females mated with kin, and heterozygosity did not differ between males that produced offspring or not. Mating with kin might represent a better option than not mating at all (Armitage 2004). Future work should explore mate choice, benefits of multiple female mating, and effects of inbreeding in more detail in this species.
In conclusion, woodchucks join a long list of species in which researchers have documented multiple paternity. Among marmots, males of several species demonstrate polygyny, but only woodchuck and alpine marmot females have been shown to mate with multiple males. Molecular analysis of paternity in other species may shed more light on the existence of multiple paternity in other marmots, reasons why females choose multiple mates, and the consequences of this mating system on social behavior.
